Both an active enzyme conformation and stabilization of tetrahedral transition states are essential for the catalysis of ester bond hydrolysis by Upases. X-ray structural data and results from site-directed mutagenesis experiments with proteases have been used as a basis for predictions of amino acid residues likely to have key functions in Upases. The gene encoding a Upase from Rhizopus oryzae was cloned and expressed in Escherichia coli. Sitedirected mutagenesis of this gene was used to test the validity of computer-aided predictions of the functional roles of specific amino acids in this enzyme. Examination of the kinetic constants of the Rhizopus oryzae Upase variants allowed us to identify amino acid residues which are directly involved in the catalytic reaction or which stabilize the active geometry of the enzyme. The combination of these results with molecular mechanics simulations, based on a homology-derived structural model, provided new information about structure-function relationships. The interpretation of the data is consistent with results obtained with other hydrolases, such as proteases.
Introduction
The last 4 years have seen the publication of the threedimensional structures of eight microbial lipases (triacylglyceride hydrolases, EC 3.1.1.3) determined by X-ray crystallographic methods. Apart from the molecular basis of their catalytic function, the behaviour of these enzymes at a lipidwater interphase is of great interest. The first approach on a molecular level to obtaining information relevant to the structural changes of a lipase molecule at a substrate interface was the determination of the X-ray structure of the inhibited Rhizomucor miehei lipase (RML) (Derewenda et al., 1992) . This was followed by the structures of the Candida rugosa lipase (CRL) in an 'open form' (Grochulski et al., 1993) and also bound to different inhibitory substrate analogues (Cygler et al, 1994; Grochulski et al., 1994) , and of the inhibited Humicola lanuginosa lipase (HLL) (Lawson et al., 1994) . All these structures, if compared with the 'closed' conformations of these enzymes, expose large hydrophobic surfaces which are presumed to interact with the lipid interface. Apart from showing this common behaviour at the substrate interface, lipases are useful tools for applications in traditional and modem biotechnology, playing a major role in washing powders (review: Vulfson, 1994) . Many are even active in organic and supercritical solvents, where they are able to catalyse a number of selective reactions (Sih and Wu, 1989; Davis et al., 1990; Marty et al., 1992) .
On the basis of the known crystallographic structures, a number of amino acid residues other than those belonging to the catalytic triad, which comprises Ser, His and Asp(Glu), have been proposed to be important for the catalytic function of the lipases. In the H.lanuginosa lipase, the backbone amides of Ser83 and Leu 147 and the hydroxyl group of Ser83 are within hydrogen-bonding distance of the inhibitor which mimics the tetrahedral reaction intermediate. In the structure of the inhibited C.rugosa lipase, the backbone amides of Glyl23, Glyl24 and Ala210 are proposed to fulfil the same function.
For serine proteases, which possess a similar triad, it has been proposed on the basis of crystal structures (Henderson, 1970) , and confirmed by site-directed mutagenesis experiments (Wells et al., 1986) , that additional functional groups are important for the stabilization of the reaction intermediates. In these acylation reactions, the formation of the first tetrahedral intermediate is the rate-limiting step (Figure 1 ). In subtilisin, the oxyanion hole is formed by the main-chain amide of Ser221 and the side-chain amide of Asnl55. In chymotrypsin, the hydrogen bond donors were identified as the backbone amides of Ser 195 and Glyl93. Additional residues such as Thr220 in subtilisin, serving as an anchor of the oxyanion hole, might also play a role in the direct stabilization of the oxyanion.
Because of the uncertainty about the function of single amino acids in the mechanism of interfacial activation (Verger, 1980; Derewenda et al., 1992) , in this work we have concentrated on reaction steps which should be independent of interfacial interactions. Given that the ester hydrolysis catalysed by lipases (Figure 1 ) and the peptide hydrolysis catalysed by proteases are similar reactions, whereby both enzyme classes possess the same catalytic triad, we decided to identify the additional structural elements that are present in lipases and to determine their influence on the enzyme activity. In order to investigate the molecular mechanism of lipolytic hydrolysis in more detail, we initiated our experiments by performing the computer-aided design of mutagenesis experiments with the lipase from Rhizopus oryzae. We cloned the gene encoding this fungal lipase and expressed it in Escherichia coli, yielding periplasmic inclusion bodies, which were renatured and purified. The use of molecular mechanics and graphics programs enabled us to rationalize the catalytic behaviour of the mutant enzymes in terms of a more detailed model for the catalytic mechanism of the lipase reaction.
Materials and methods

Lipase gene cloning
Rhizopus oryzae DSM 853 was grown in Czapek-Dox medium (Tsuchiya et al., 1992) supplemented with 2% malt extract. Total DNA was isolated according to a modified form of a previously published procedure (Raeder and Broda, 1985) . Southern and colony hybridizations were performed according to previously described protocols (Maniatis et al, 1989) , with two oligonucleotides corresponding to the conserved N-and C-terminal sequences of Upases from Rhizomucor miehei (Boel et al, 1988) , Rhizopus niveus (Kugimiya et al, 1989) and Rhizopus delemar (Haas et al, 1991) . Sequencing was peformed by the dideoxyribonucleotide chain termination method (Sanger et al, 1977 ) using a T7 sequencing kit (Pharmacia).
Expression and purification AfliB. and Ncol digested, blunt-ended DNA of the positive clone was cloned into fiamHI-digested, blunt-ended pCY-TEXP1 (Belev et al, 1991; McCarthy, 1991) . Site-directed mutagenesis for the creation of a new Ndel site at the N terminus of mature lipase was performed using a kit (Amersham). The sequence encoding the OmpA signal peptide (Mowa et al., 1980) was cloned into the Ndel site. Expression was performed using the E.coli strain BL321 (Studier, 1975) in LB medium (Maniatis et al., 1989) . Cultures reaching an OD of 0.5-1 (600 nm) were shifted from 30 to 42°C for 3 h. Cells were collected by centrifugation for 15 min at 3000 g. The cells of two 250 ml cultures were resuspended in 16 ml of L-buffer (50 mM Tris, 1 mM EDTA, pH 8) and sonicated for 7 min (Branson Sonifier 250). After centrifugation for 20 min at 17 000 g, the pellet was resuspended in 16 ml of buffer I (100 mM NaCl, 50 mM Tris, 1 mM EDTA, pH 8) and incubated for 20 min at room temperature in the presence of DNase (30 |ig/ml). After centrifugation, the pellet was washed with buffer n (100 mM NaCl, 50 mM Tris, 10 mM EDTA, 0.5% Triton X-100, pH 8) and again with buffer I. The resulting pellet was resuspended in 16 ml of 5 M guanidinium 508 hydrochloride, 50 mM Tris (pH 8.5), 30 mM dithiothreitol and incubated at room temperature for 30 min. After centrifugation for 30 min at 4°C and 17 000 g, the supernatant was diluted in 1 1 of refolding buffer [50 mM Tris (pH 8.5), 20 mM CaCl 2 , 10% glycerol, 2 mM reduced glutathione and 1 mM oxidized glutathione]. After 36 h at 10°C, the solution was dialysed against 10 mM CaCl 2 , centrifuged for 20 min at 4°C and 10 000 g and then filtered (pore size of the filter 0.45 (J.m). The solution was applied to a column of S-Sepharose (Pharmacia) and eluted with a linear NaCl gradient from 0 to 500 mM. Fractions containing lipase were pooled and, after dialysis against deionized water, freeze-dried. The freeze-dried lipase was stored at -25°C.
Site-directed mutagenesis
Site-directed mutagenesis was performed using a modified overlap extension method by PCR (Higuchi et al, 1988) . The method requires three universal primers and one specific primer for each mutation (Mikaelian and Sergeant, 1992) . The primers were about 30 bp in length and designed in such a way that the first 5'-nucleotide of the primer follows a T-residue in the same strand of the template sequence (Kuipers et al, 1991) . The annealing period for the second PCR was extended to 10 min (Good and Nazar, 1992) . PCR products were purified using agarose gel electrophoresis, digested and cloned into the expression vector. The whole amplified fragment was sequenced.
Computational methods
The calculations were performed on Hewlett-Packard Apollo 715/50 and DEC Alpha AXP workstations. The molecular modelling package BRAGI (Schomburg and Reichelt, 1988) and the molecular mechanics program AMBER 4.0 (Weiner et al, 1984) were used for the simulations. The sequence alignment of the Rhizopus oryzae lipase with the Rhizomucor miehei lipase was carried out using the DSFAST program (D.Schomburg, unpublished work) based on the Smith and Waterman algorithm (Smith and Waterman, 1981) . Using this sequence alignment, the amino acid sequence of Rhizopus oryzae lipase was fitted to the three-dimensional crystallographic structure of the inhibited Rhizomucor miehei lipase (Derewenda et al., 1992 ) (4TGL). The amino acid side chains were exchanged automatically to equivalent residues in ROL and their conformations were optimized by iterative rotation through allowed conformers according to their environment using the BRAGI exchange module. A deletion and an insertion in the aligned amino acid sequence were modelled using the BRAGI loop database. The structural parts lying within 5 A of these modifications were treated by molecular dynamics (20 ps, 350 K, in vacuo with a distancedependent dielectric constant) to relax possible high-energy conformations. The whole structure was energy minimized in vacuo and then equilibrated in a water shell of 4.5 A thickness (893 water molecules, constrained to the protein by a harmonic potential with a force constant of 0.5 kcal/mol/A 2 ) by molecular dynamics for 10 ps at 298 K. The resulting structure was again energy minimized. These force-field simulations were carried out for comparison at dielectric constants e = 1 and 4. A cut-off distance of 9 A for the nonbonded interactions was used. During the molecular dynamics simulations the SHAKE algorithm (Ryckaert et al, 1977) was used to constrain the covalent bonds to their equilibrium bond length. The final structure from the minimization in water with e = 1 was used as a starting structure for the modelling enzyme-substrate complexes and variants of the ROL.
Start geometries for the methyl ester substrates were derived from semi-empirical quantum mechanical calculations with the MOPAC (V.6.0) program using the AMI (Dewar et al, 1985) or PM3 (Stewart, 1989) Hamiltonian.
The parameters for the force-field calculations were fitted to reproduce the spectroscopic data (geometries, normal modes, conformational energies) of small model compounds (methyl acetate, ethyl formate, butane). Atomic charges were derived from ab initio calculations with GAUSSIAN 92 (Frisch et al, 1992) using an electrostatic potential fitting method (Cox and Williams, 1981; Singh and Kollman, 1984) on a 6-31G* basis set (Hariharan and Pople, 1973) and scaling these charges linearly with a factor of 0.87 (Rao and Singh, 1989) to correct the overestimation of dipole moments by this method. Parameters for the tetrahedral intermediate were derived from ab initio calculations by optimizing the geometry of a model compound (methyl acetate as substrate covalently bound to ethanol, which represents the active-site serine; the complex has a charge of -1) on a 4-31G* basis (Ditchfield et al., 1971) and calculating the electronic structure at this geometry with a 6-31G* basis set.
Substrate molecules were docked into the substrate-binding pocket of the ROL model forming covalently bonded complexes of the first tetrahedral reaction intermediate. The fatty acid chain lies in the hydrophobic pocket, similarly to the nhexyl moiety of the inhibitor in the RML X-ray structure (5TGL). The substrate oxyanion is oriented towards the proposed oxyanion hole.
The exchange of single amino acids, interacting directly or indirectly with the substrate, was simulated using the BRAGI program and their side-chain dihedrals were changed to most probable conformations. TTP3P water molecules (Jorgensen et al., 1983) were added to the system, using the AMBER EDIT program, to fill the space within 16 A of the mutated amino acids. These structures were energy minimized and then equilibrated by molecular dynamics methods. Only the atoms inside this 16 A sphere were allowed to move during these simulations. Geometric and energetic parameters from these simulations were analysed by the AMBER analyser module, leading to predictions of the properties of these protein variants.
Free energy simulations using the GIBBS module of the AMBER program were carried out to compare the reactivity of some mutants with wild type on a structural basis. The dynamic modified windows method (Pearlman and Kollman, 1989) in combination with a potential of mean force correction (Pearlman and Kollman, 1991) was used. Each window consisted of 1 ps of equilibration and 1 ps of data collection. The differential free energy of the reaction is AAG(calc.) = AG 2 -AG[, wherein AG 2 results from the perturbation of the wild type to the variant tetrahedral intermediate and AG { from the perturbation of the free enzyme. These values are directly comparable to the experimental determined free energy differences:
Characterization of the lipase and its variants
The freeze-dried enzyme was dissolved in 20 mM Tris (pH 8) and the supernatant after centrifugation was measured for protein content using the BCA kit (Sigma). The specific activities of wild type and mutants were measured by titrimetry (Sidebottom et al, 1991) . Lipase was added to the emulsion prepared by mixing (Ultra-Turrax, IKA-Labortechnik) 15 g of triolein (Fluka) or lauric acid butyl ester (Sigma) and 200 ml of 2% gum arabic (Merck) and 0.5% CaCl 2 -2H 2 O for 2 min. The release of free fatty acids was continuously monitored by titration with 10 mM NaOH on a pH-stat (Radiometer, Copenhagen, Denmark) at pH 8.3. Apparent K M values were determined with decreasing amounts of substrate. Velocitysubstrate concentration profiles were fitted to the MichaelisMenten equation using the non-linear regression data analysis program ENZFITTER (distributed by Elsevier Biosoft and written by A.J.Leatherbarrow).
Results and discussion
Cloning and expression
The identification of chromosomal restriction fragments that bore the lipase gene of Rhizopus oryzae was achieved by means of Southern blotting. Psfl-digested DNA 4-5 kb in length, which led to a strong hybridization signal, was cloned into pGEM3 (Promega). Colony filter hybridization was used to identify positive clones. Three identical clones were obtained and one of them was sequenced. The clone had one open reading frame encoding a protein of 392 amino acids. The N terminus of the lipase of Rhizopus oryzae isolated from the supernatant of the cultured fungus starts with the sequence SerAspGlyGlyLys, and the enzyme has a molecular mass of about 30 kDa estimated from its mobility in an SDS-PAGE gel. This indicates that the lipase is a maturation product of 269 amino acids resulting from processing of a 392 amino acid precursor. This is also true for the lipase from Rhizopus delemar (Haas et al., 1991) , which shows more than 99% sequence identity to the Rhizopus oryzae lipase.
Mature lipase can be overexpressed in E.coli BL321 using the expression vector pCYTEXPl and the pre-OmpA sequence. The use of the pre-OmpA sequence results in improved translation initiation efficiency in comparison with the construct (1) Total cell protein; (2) supernatant after sonification and centrifugation; (3) resuspended pellet in buffer containing Triton X-100; (4) resuspended pellet after washing with Triton X-100; (5) supernatant of the solubihzed inclusion bodies; (6) pellet of the solubilized inclusion bodies; (7) refolded lipase after column chromatography.
bearing only the lipase gene (McCarthy, 1991) and in secretion into the periplasmic space. The N terminus of the recombinant product was processed to AspGlyGlyLys . . ., suggesting that the lipase was indeed translocated to the periplasmic space. Overexpressed lipase was not active and aggregated into the periplasmic space. This facilitated purification, which could be achieved by a simple washing procedure. After solubilization, the lipase was refolded. Column chromatography was used to purify the lipase to homogeneity (Figure 2 ). This expression system allows fast and reliable production of the lipase from Rhizopus oryzae and its variants with a yield of about 10-15 mg of the enzyme per litre of culture broth under the conditions described. The recombinant enzyme showed a slightly higher specific activity than the non-recombinant enzyme (Haas et al, 1992) . From the investigation of the folding kinetics of additional ROL variants (H.D.Beer, in preparation), we were able to show that the incorrect folded variants are not soluble. As the wild-type lipase is already very apolar and nearly every change in the tertiary structure will increase the hydrophobic surface and force the lipase to precipitate, the fact that all lipase variants discussed in this paper are soluble compared with the wild type indicates that they probably have a tertiary structure similar to that of the native enzyme.
Comparison of the Rhizopus oryzae model with the Rhizomucor miehei and the Rhizopus delemar structure
The sequence identity of ROL and RML was determined to be 55% using the Smith and Waterman algorithm (Smith and Waterman, 1981) . The proposed substrate-binding region consists of the amino acids marked in Figure 3 and the coloured residues in Figure 7 . Identity of amino acid residues in this binding region is ~75%. The residue numbering of RML is used for the ROL in the following text to allow easier comparison. The three disulphide bridges existing in RML (40) (41) (42) (43) (235) (236) (237) (238) (239) (240) (241) (242) (243) (244) are conserved. The other Upases from Rhizopus species have two exchanged residues, Asnl34His and Leu234Ile, which are not in the substratebinding region.
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At the time of the preparation of this paper, the Ca coordinates of the Rhizopus delemar lipase (1TIC) (Derewenda et al., 1994) had become available in the Brookhaven database. The r.m.s. deviation between the modelled ROL structure and RDL (molecule A) is 1.6 A for the whole protein and 1.1 A without the lid region, which is in a 'half-open' conformation in RDL and therefore cannot be compared with our model of the active enzyme.
One important difference between ROL and RML in the substrate-binding region is the exchange Ser82 (RML) to Thr (ROL). This residue is proposed to act in the formation of the oxyanion hole, which stabilizes a negatively charged oxyen in the tetrahedral intermediates of the covalent bound substrate (Derewenda et al., 1992) . Another important exchange is Trp88 (RML) to Ala (ROL), which is possibly involved in interactions with the sn3 chain of triglycerides [see variant Ala88Trp in this paper (also a personal communication from L.Haalck); for a table of important differences between ROL and RML, compare Table I ; for the nomenclature of lipids, see CBN (1977) ].
Protein variants. Kinetic constants are given in Table II and a view of the mutated sites in Figure 4 . In the simplest model of the molecular mechanism of the enzyme-catalysed hydrolysis reaction, for example in proteases, it was proposed that only the catalytic triad, comprising serine, histidine and aspartate, is necessary for the catalytic activity of these enzymes (Lehninger, 1982) . The first suggestion of a role for further structural elements, e.g. an oxyanion hole, which are very important for the reactions of hydrolases, was made on the basis of the solved structure of chymotrypsin complexed with indoleacryloyl (Henderson, 1970) . Based on the work of Fersht, which demonstrated that hydrogen bonds at sites even remote from the catalytic centre can lower the energy barrier for the reaction (Wells and Fersht, 1985) , a more complex mechanistic model is able to explain the high reaction rates of some hydrolases. In recent years, it has been shown by sitedirected mutagenesis (Wells et al., 1986 ) based on X-ray structure data (Robertus et al., 1972; McPhalen and James, 1988) and theoretical methods (Rao et al, 1987; Mizushima et al., 1990 ) that residues other than those belonging to the catalytic triad in subtilisin are important for the catalytic activity of this enzyme. The stabilization of reaction intermediates by hydrogen bonds (donor-acceptor distance about 2.8 A) from backbone amides, or from side-chain groups which are able to act as hydrogen donor, has been described. There are also interactions proposed from residues at a greater distance to the substrate, which should stabilize the oxyanion via 'longrange' dipolar interactions or which require conformational changes during the reaction (Mizushima et al., 1990) .
Amino acid side chains in the Upases from Rhizomucor miehei (Ser82) (Derewenda et al., 1992) and H.lanuginosa (Ser83) (Lawson et al, 1994) , which might stabilize the reaction intermediates, have been proposed on the basis of crystallographic data. However, up to now there have been only a few experimental data relating to the function of these residues (Joerger and Haas, 1994) .
In order to obtain more information about the molecular details of a lipase reaction, we exchanged single amino acid side chains in ROL which were suspected to be involved in the reaction mechanism as proposed from the structural model of the enzyme. Additionally, we simulated structural changes expected to accompany these amino acid exchanges using The residue numbering of RML is used. molecular dynamics methods (Table HT) and we simulated for some mutations the changes in the free enthalpy of reaction by free energy perturbation calculations (see Table V ).
Tyrosine 28
We mutated Tyr28 to Phe in order to delete the hydroxyl group without inducing a larger change in this region by creating a gap, which could lead to the formation of inactive conformations. The catalytic activity of this variant is less than 0.02% of that of the native enzyme. From the structural model, this residue is proposed to stabilize the geometry of the active site by forming two hydrogen bonds involving its hydroxyl group. It is a hydrogen donor to N8 of Hisl43, which positions the active site Serl44, and a hydrogen acceptor of the backbone amide group from Gly81, thus positioning this part of the enzyme lid after the large conformational change related to the interfacial activation of the lipase. From the molecular dynamics simulations (Table Iff) , it is evident that the lid region around Thr82 becomes more flexible and the backbone moves 0.5 A from its former position, which might represent the initial step of the lid closing. (This results in an unfavourable configuration of Serl44, His257 and Thr82, allowing only poor stabilization of the intermediate.) It is therefore possible that in this variant the open conformation of the lid is not stabilized sufficiently to allow the substrate to enter the active site. The residue group of Tyr28 acts as an anchor group between the active site serine and the lid region with a part of the oxyanion hole. As a second possible effect, the results from free energy calculations (see Table V ) suggest a decrease in the stabilizing interactions with the first tetrahedral substrate intermediate (about 0.6 kcal/mol) as a result of the removal of the hydroxyl group of Tyr28. This is comparable to the 'long-range' dipolar interactions of Thr220 with the oxyanion of the substrate intermediate in subtilisin BPN discussed in the literature (Braxton and Wells, 1991; Mizushima et al., 1991) .
Threonine 82
We mutated Thr82 to Ala. This lipase variant exhibits a residual activity of 0.04%, which is attributable to the removal of one hydrogen bond stabilizing the first tetrahedral intermediate [Joerger and Haas (1994) found a comparable activity for this mutation in RDL]. This mutation creates unoccupied space in this region which, according to the molecular dynamics simulation (compare r.m.s. in Table Iff ), leads to an unfavourable geometry for the formation of the hydrogen bond between the backbone amide of residue 81 and the oxyanion. A variant H J).Beer et al. The tetrahedral enzyme-substrate complex is a minimized structure after a 10 ps molecular dynamics simulation for equilibration. in which this Thr has been changed to isosteric Val has an activity of 0.14%. The additional methyl groups with respect to alanine stabilize the geometry of the backbone in a conformation nearly identical with that of the native enzyme (Table III) . The hydroxyl group of Thr82 is proposed to form the oxyanion hole together with the two backbone amide groups of Thr82 and Leu 145. In the X-ray structure of the inhibited RML, the comparable Ser82 is hydrogen bonded to Asp91. In a molecular dynamics simulation of the first tetrahedral intermediate, the Ser82 side chain is reoriented and becomes hydrogen bonded to the oxyanion and forms a tetrahedral structure together with the other two hydrogen bonds, with hydrogen bond distances (donor-acceptor) of about 2.8 A (Table IV) . This could be an explanation for the higher Analysis of the catalytic mechanism of a fungal lipase reactivity of the RML and ROL compared with other Upases, e.g. the GCL, where only backbone amides form the oxyanion hole. The lower flexibility of the backbone does not allow such an exact geometry for the stabilizing interactions. Proteases can form only two hydrogen bonds to the tetrahedral intermediate (Menard and Storer, 1992) , which could result in a weaker stabilization by a smaller delocalization of the negative charge.
The transition state stabilizing effect of a single hydrogen bond in subtilisin (one of two hydrogen bonds) is about 3.7 kcal/mol (Rao et al, 1987) , which is lower than the increase in the enthalpy of the transition state for these lipase variants (4.1-4.7 kcal/mol for only one of three hydrogen bonds; Table V) . Hence an additional destabilizing interaction might occur. The non-polar residues in these variants cannot bind to Asp91, so the hydrophobic binding pocket could be blocked for fatty acid chains longer than C 4 by this Asp91 (see Figure 5 ). This additional destabilizing effect is in a comparable range to that found for the mutation of Asp91 to Asn.
The exchange of Thr to Ser, which is the corresponding amino acid in RML, resulted in a residual activity of 12% for triolein with no significant change of the K M value [Joerger and Haas (1994) found a four times higher residual activity for olive oil and a comparable activity for triburyrin]. The corresponding activity for the butyl ester was 14%. This indicates that not only the hydroxyl group is important for the stabilization of the reaction intermediate. From molecular dynamics calculations, it is evident that the methyl group of the Thr has only a weak hydrophobic interaction with the sn3 chain of a triglyceride, which results in a slightly larger decrease in the activity for a glyceride than for the butyl ester. These simulations also suggest that a serine in this position has a higher tendency to form a hydrogen bond to the Asp91 than to the oxyanion, compared with a threonine. The serine changed its hydrogen bonding partner twice during a 100 ps MD simulation, whereas the threonine formed a hydrogen bond to the oxyanion for the whole time. A comparable decrease in the activity is reported for subtilisin [43% residual activity as a result of the mutation of Thr220 to Ser (Braxton and Wells, 1991) ]. Alanine 88 A tryptophan occupies this position in the RML. We changed the small Ala in die ROL to the comparatively bulky Trp. This mutation decreased the activity to 56% for triolein and to 70% for the butyl ester [67% residual activity for olive oil with RDL (Joerger and Haas, 1994) ]. The K M value for triolein is halved. This indicates that a large hydrophobic residue in this region increases the affinity for triolein, in accordance with the expected easier formation of a Michaelis complex with a non-covalently bound substrate. However, the geometry for the formation of the tetrahedral intermediate is less favourable than in the wild-type enzyme. The total reaction velocity is much more sensitive to variants influencing Jfc cat than to those changing K M .
A double mutation of Thr82Ser and Ala88Trp results in a variant with catalytic properties which are the sum of the properties of the two single-point mutations. This is comparable to a large number of double mutations described by Wells (1990) , where the exchanged residues do not interact with each other. In the above-described double mutation there should be only a weak hydrophobic interaction between these two residues, leading to no conformational change of the side chains compared with the single-point mutations.
Aspartate 91
Mutating Asp91 to an Asn results in an enzyme variant with 7.2% residual activity and a 2.5-fold higher K M for triolein. Asp91 is the only non-hydrophobic residue lying in the open lipase conformation inside the fatty acid binding pocket. In the crystal structure of the inhibited Rhizomucor miehei lipase the Asp91 forms a hydrogen bond to Ser82. The asparagine is less polar than an aspartate and should therefore form slightly more favourable interactions with the hydrophobic fatty acid chain. However, it also forms a weaker hydrogen bond to Thr82, which leads to two reaction rate decreasing effects. For an asparagine in this position, the probability of assuming a conformation which blocks the hydrophobic pocket is higher than for an aspartate, which would explain the higher A" M value of the variant.
Also, the breakdown of the first tetrahedral intermediate could be energetically less favourable, because the re-formation of the hydrogen bond between the Thr82 and residue 91 in this variant is less favourable than in the wild type, which might lead to a shift of the rate-limiting step to the breakdown of the complex. For the C.rugosa lipase, Glu208 and Asp452 are proposed to remove the negative fatty acid produced by hydrolysis from the hydrophobic binding pocket by unfavourable electrostatic interactions (Grochulski et al., 1994) . The residue Asp91 in ROL or RML could fulfil the same function.
The slightly larger decrease in V max for the butyl ester (4.9%) than for the glyceride (7.2%) indicates that the triglycerides are additionally stabilized by the interactions of the other fatty acid chains with regions of the protein which do not belong to the hydrophobic pocket (see below). Therefore, the region around Asp91 should be directly involved in the binding of the fatty acid chain which is cleaved from the alcohol moiety of a glyceride.
Histidine 143
Mutating this residue to a nearly isosteric Phe leads to a residual activity of <0.04%. The Ne protonated Hisl43 acts as a bridging group between the Tyr28 hydroxyl and the His257 carbonyl function (see Figure 4) , thus maintaining the exact geometry of the active site. From molecular dynamics simulations it becomes clear that the active site serine moves from its native position approximately 0.5 A in this variant, so that the probability of correct substrate binding is greatly reduced (Table III) . Mutating the His 143 to Ser results in an approximately 100 times higher residual activity with respect to the Phel43 variant, which shows that a residue which has the possibility to form hydrogen bonds can partially stabilize the active-site geometry (Table IH) . The fact that the K M value for triolein is identical with that of the wild type and that the residual activity for the butyl ester is in the same range indicates that this mutant only influences the direct catalytic step and has no effect on the substrate binding.
Aspartate 203
Changing Asp203 to Ala results in a protein variant with 0.06% residual activity. This is in the same range as the mutants of the acid from the catalytic triad in subtilisin [0.03% residual activity (Wells and Estell, 1988) ] and comparable to 514 the inactivation of other upases by mutating this residue (Vernet et al, 1993) .
The Asp203 belongs to the catalytic triad, but it has no direct contact with the substrate. Its function is proposed to position the active-site histidine in the correct tautomeric form, which means in the ROL that only an N5-protonated His257 can accept a proton from the active serine and subsequently in a second step donate it to the substrate.
Glutamate 265
The three residues Serl44, His 143 and Glu265 in ROL can form a 'comparable' geometry to the catalytic triad. Inspired by the observation of nearly total loss of activity on mutating His 143 to Phe, we examined whether these three residues have a direct catalytic function. Mutating the Glu265 to Gin yields an enzyme with 98% of the wild-type activity, whereas changing Glu to Asp almost completely inactivates the enzyme.
From molecular dynamics simulation, it is evident that an Asp in position 265 changes the conformation of His 143 by forming a new hydrogen bond. The new conformation is even better stabilized if the His 143 is protonated in the N8 position. This leads to the same breakdown of the active-site geometry Fig. 7 . Proposed substrate binding regions of the hpase from Rhizopus oryzae. Red, the residues forming the catalytic triad and the oxyanion hole; blue, the hydrophobic pocket which binds the fatty acid moiety of the substrate; dark green, the residues which are interacting with the alcohol moiety of the substrate; light green, the residues which are proposed to interact with these fatty chains of a triglyende which will not be cleaved from the substrate.
that was observed when mutating His 143 to Phe. Additionally, the structure of the C terminus is altered by this mutation (Table HI) . Aspartate 262 Mutating Asp262 to Gly (which is in this position in RML) leads to a protein with 96% of the wild-type activity. This test shows that a larger change in side chain structure in a region only 10 A away from the geometric centre of the active site does not necessarily cause a decrease in activity. This result was also predicted by an MD simulation, in which no significant changes in the active site geometry were induced by this mutation (Table HI) .
Conclusions
Comparison of the kinetic properties and structural models of the wild-type ROL and 13 variants, in combination with theoretical simulations, enabled us to clarify the role of these amino acids in the reaction mechanism and the stabilization of the enzyme's geometry. The following four main conclusions can be drawn from the above results.
(1) The oxyanion hole and the rate-determining step. The mutation of Thr82 to Ser was associated with only a minimal change in K M , whereas the mutations to Val and Ala resulted in a decrease in activity comparable to that observed with equivalent mutations in proteases. Thus, as proposed on the basis of the X-ray structures of inhibited Upases, this residue is likely to be involved in the stabilization of an oxyanion intermediate. This is also seen in the molecular mechanics simulations of the intermediate, where the substrate oxyanion is complexed tetrahedrally by three hydrogen bonds which are interacting with the three free electron pairs of the oxygen (Table IV) . Because of the large changes in the rate constants caused by these mutations, and in the light of comparisons with protease reactions, the formation of the covalently bound enzyme-substrate complex is expected to be the rate-limiting step in the whole lipolytic reaction sequence. According to the Hammond postulate (Hammond, 1955) , this tetrahedral intermediate should resemble most closely the rate-limiting reaction step.
(2) 77ie importance of a rigid active site geometry. The effects of the variations at positions 28 and 143 underline the importance of the rigidity of the catalytic triad and the oxyanion hole. This is consistent with the observation of low X-ray structure temperature factors of these residues in the RML. Subtracting only one hydrogen bond in this region leads to a dramatic decrease in activity by increasing the flexibility and the probability of active site conformations which are unable to catalyse the reaction (compare Table HI with larger r.m.s. values for the active-site region calculated in some of the variants). Hence the catalytic residues have to be in a suitable position relative to each other for an efficient reaction and the catalysis is strongly influenced by even small perturbations in this arrangement.
These results clearly demonstrate the importance of careful computer-aided design combined with the analysis of variants, since the exchange of even those residues that are not in direct contact with the substrate can lead to a nearly total loss of activity.
(3) Details of the reaction mechanism. Overall, the properties of the variants described here suggest a mechanism ( Figure 6 ) very similar to the rate-determining acylation step for hydrolysis of peptide bonds by serine proteases. In ROL the Serl44 Oy forms a covalent bond via a nucleophilic attack on the carbonyl carbon of the scissile ester bond, which becomes sp 3 hybridized. His257 acts as a general-base catalyst and abstracts a proton from Serl44 Oy. This Ne-bound proton forms hydrogen bonds to the Serl44 Oy and to the substrate's bridging oxygen (01). The resulting tetrahedral oxyanion intermediate is stabilized by the Thr82 y-OH (giving up its hydrogen bond to Asp91) together with the backbone amides of Thr82 and Leu 145, which interact with the three free electron pairs of the substrate's carbonyl oxygen.
In the next step, the Ne proton from His257 is transferred to the bridging oxygen in the substrate, releasing the alcohol component. The acid moiety of the substrate is still covalently bound to the enzyme. For the change of the carbonyl carbon back to sp 2 hybridization, one oxygen electron pair has to be easily releasable from the hydrogen bond stabilization by the oxyanion hole. This becomes possible when the Thr82 reforms its hydrogen bond to Asp91. Now the lipase exists as a stable acyl-enzyme, a reaction intermediate which is also found in protease reactions. The two electron pairs of the carbonyl oxygen are stabilized by the backbone amides of Thr82 and Leu 145. The hydrogen bond to the leucine becomes more ideal if the planar carbonyl geometry is tetrahedrally distorted (Whiting and Peticolas, 1994) . The acyl-enzyme can be attacked by a water or alcohol molecule, running through the above described steps in the reverse direction (see also Figure 1 ).
(4) Substrate binding regions (Figure 7 ). In addition to the residues involved directly in catalysis, which affect only the rate constant Jfc caI , some variants also exhibit altered Kv alues. The relative changes in the apparent A" M values in this study should be independent of interfacial activation effects, because in the test used no lag phase was observed. This was proved using other variants of the ROL, which exhibited dramatically altered interfacial activation behaviour, but showed the same K M and k^ values as the wild-type enzyme in the selected substrate concentration range (H.D. Beer et al., submitted) . Thus the relative K M values should correlate with the affinity between the substrate and the enzyme, interpreted on a molecular level as the formation of a non-covalent Michaelis complex. In view of different changes of rate constants for substrates with one fatty acid chain (lauric acid butyl ester) and with three fatty acid chains (triolein), there are implications for the position of binding regions for the fatty acid chains of the substrates in the wild-type lipase during catalysis. The mutation of Ala88 to Trp leads to a larger decrease in V^^ for the triglyceride than for the butyl ester, accompanied by a lower AT M value for the triglyceride, which allows the interpretation that a triglyceride during the ratelimiting step is energetically unfavoured owing to the presence of larger residues in this region of the protein.
Similarly, in the same region the variation from Thr82 to Ser, which lacks one methyl group, results in a slightly larger decrease of V mBX for the triglyceride than for the ester. This also indicates the existence of a hydrophobic interaction of the sn3 chain of the glyceride with this region.
The opposite effect, a two times higher activity decrease for the butyl ester than for the triglyceride, is caused by a variation of Asp91 to Asn. This suggests an additional stabilization of the triglyceride by interactions of the 'non-reacting' fatty acid chains with protein regions which are not part of the hydrophobic pocket (Figure 7 ).
In conclusion, the kinetic variants described have allowed us to generate a detailed picture of the reaction mechanism of ROL and define a possible role for several important residues in addition to those that belong to the well-known triad.
